Both neutrino and antineutrino charged-current quasielastic scattering on a carbon target are studied to investigate the nuclear effect on the determination of the axial form factor F A (Q 2 ). A method for extraction of F A (Q 2 ) from the flux-integrated dσ/dQ 2 cross section of (anti)neutrino scattering on nuclei is presented. Data from the MiniBooNE experiment are analyzed in the relativistic distorted-wave impulse approximation, the Fermi gas model, and the Fermi gas model with enhancements in the transverse cross section. We found that the values of the axial form factor, extracted in the impulse approximation and predicted by the dipole approximation with the axial mass M A ≈ 1.37, GeV are in good agreement. The agreement between the extracted form factor and meson-dominance ansatz also is good. On the other hand, the Q 2 dependence of F A extracted in the approach with the transverse enhancement is found to differ significantly from the dipole approximation.
dσ/dQ
2 (Q 2 is squared four-momentum transfer) [1] [2] [3] [4] [5] [6] , double-differential [2, 4, 7] and total cross sections [1, 2, 4, 7, 8] of CCQE scattering. This interaction represents a two-particle scattering process with lepton and nucleon in the final state. Since the criteria used to select CCQE events are strongly influenced by both target material and detector technology, various selection techniques are applied in these experiments (tracking and Cerenkov detector).
In neutrino scattering experiments, the neutrino energy is unknown. However, both the neutrino energy and Q 2 can be evaluated based on the kinematics of the outgoing final state particles.
With the assumptions of conserved vector current and partially conserved axial current, the only undetermined form factor in the theoretical description of the CCQE neutrino scattering is the axial nucleon form factor. In most analysis of neutrino interaction on complex nuclei, the dipole parametrization of F A (Q 2 ) with one parameter, the axial mass M A , is used. The analyses are mainly based on the relativistic Fermi gas model (RFGM) [9] and involve some additional model dependence due to nuclear structure. While constraints exist from pion electroproduction data with M A = 1.06 ± 0.016 GeV [10] , neutrino experiments usually treat axial mass M A in CCQE as independent of that measurement.
The values of M A are obtained from a fit to observed Q 2 distribution of events, differential and total (anti)neutrino CCQE interaction cross sections. The formal averaging of M A values which are very widely spread was done in Ref. [10] These results have encounraged many theoretical studies [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] to attempt to explain the discrepancy between the data and traditional nuclear model, i.e., the RFGM. Some models that are based on the impulse approximation lead to large value of M A [15] [16] [17] [18] in the MiniBooNE data. For instance, in Refs. [17, 18] , a value of M A = 1.37 GeV, that fits the Q 2 shape of the measured dσ/dQ 2 cross section was obtained within the RFGM, and relativistic distorted-wave impulse approximation (RDWIA) approaches.
Other nuclear models [20] [21] [22] [23] [24] include effects of multinucleon excitations such as mesonexchange currents (MECs) and isobar currents (ICs) to describe the MiniBooNE data. The contribution of the two-particle-two-hole (2p-2h) excitations to CCQE scattering has been found to be sizable and allows one to reproduce the MiniBooNE cross sections with value of
GeV. This result suggests that much of the cross section (about 30%) measured by the MiniBooNE experiment can be attributed to processes that are not properly QE scattering. However, fully relativistic microscopic calculations of 2p-2h contributions are extremely difficult and may be bound to model-dependent assumptions. Future theoretical work is obviously needed to improve the present models that include effects beyond the impulse approximation. The transverse enhancement (TE) effective model to account for MEC effects has been proposed in Ref. [28] . In this model, the magnetic form factors for nucleons bound in carbon are modified to describe the enhancement in the transverse electron-carbon QE cross section. The other nucleon form factors are the same as for free nucleons. It allows one to describe the MiniBooNE data (total cross section) by using the dipole approximation for F A (Q 2 ) with M A = 1.014 GeV.
The assumption of the dipole ansatz for the axial form factor is a crucial element in these studies. The dipole parametrization of F A (Q 2 ) has no strict theoretical basis and the choice of this parametrization is made by analogy with electromagnetic form factors.
On the other hand the dipole ansatz has been found to conflict with electron scattering data for the vector form factor [28] . A model-independent description of the axial form factor was presented in Ref. [30] . The application of analyticity and dispersion relations to the axial form factor in the RFGM to find constraints for the axial mass using the data from MiniBooNE produces the value of M A ≈ 0.85 GeV which differs significantly from extractions based on the traditional dipole ansatz.
The pion and nucleon form factors were discussed in Ref. [31] In Ref. [32] the values of F A (Q 2 ) as a function of Q 2 were extracted from the differential cross section of neutrino scattering on deuterium (on a "quasifree" nucleon). A reasonable description of axial form factor by dipole approximation with M A = 1.014 ± 0.016 GeV was found. The current data on CCQE scattering come from a variety of experiments operating with carbon, oxygen, and iron data. Therefore the aim of this work is twofold. First, we propose a method which allow one to determine F A (Q 2 ) as a function of Q 2 directly from the measured flux-integrated dσ/dQ 2 cross section of CCQE (anti)neutrino scattering on nuclei.
Second, we apply the method and extract the Q 2 -dependence of the axial form factor from MiniBooNE data [2, 4] The outline of this paper is the following. In Sec. II we present briefly the RDWIA model and discuss the procedure which allows determination of the axial form factor from the flux-integrated dσ/dQ 2 (anti)neutrino cross section. Section III presents results of the extraction of F A from the MiniBooNE data and calculations of the flux-unfolded total cross sections for antineutrino scattering off carbon . Our conclusions are summarized in Sec. IV.
II. MODEL AND METHOD FOR EXTRACTION OF F
The formalism of CCQE exclusive
and inclusive
scattering off nuclei in the one-W-boson exchange approximation has been extensively described in previous works [33] [34] [35] [36] . Here k i = (ε i , k i ) and k f = (ε f , k f ) are the initial and final lepton momenta respectively, p A = (ε A , p A ), and p B = (ε B , p B ) are the initial and final target momenta, respectively p x = (ε x , p x ) is the ejectile nucleon momentum, q = (ω, q) is the momentum transfer, and
A. Model
All the nuclear structure information and final state interaction (FSI) effects are contained in the weak CC nuclear tensors W µν , which are given by a bilinear product of the transition matrix elements of the nuclear CC operator J µ between the initial nucleus state and the final state. We describe CCQE neutrino-nuclear scattering in the impulse approximation (IA), assuming that the incoming neutrino interacts with only one nucleon, which is subsequently emitted, while the remaining (A-1) nucleons in the target are spectators. The nuclear current is written as the sum of single-nucleon currents.
The single-nucleon charged current has V −A structure 
The pseudoscalar form factor F P (Q 2 ) is dominated by the pion pole and is given in term of the Godberger-Treiman relation near Q 2 ≈ 0 if partially conserved axial current is assumed.
where
and m π is the pion mass. Then the axial current vertex function can be written in the form
Thus the only undetermined form factor is the axial form factor that is commonly parametrized as a dipole
where F A (0)=1.267 and M A is the axial mass, which controls the Q 2 dependence of F A , and ultimately, the normalization of the predicted cross section. We calculated the relativistic wave functions of the bound nucleon states in the independent particle shell model as the selfconsistent solutions of a Dirac equation, derived within a relativistic mean field approach, from a Lagrangian containing σ, ω, and ρ mesons (the σ − ω model) [39, 40] . According to the JLab data [41, 42] the occupancy of the independent particle shell-model orbitals of 12 C equals on average 89%. In this work we assume that the missing strength (11%)
can be attributed to the short-range nucleon-nucleon (NN) correlations in the ground state, leading to the appearance of the high-momentum and high-energy component in the nucleon distribution in the target. These estimates of the depletion of hole states follow from the RDWIA analysis of 12 C(e, e ′ p) for Q 2 < 2 (GeV/c) 2 [42] and are consistent with a direct measurement of the spectral function [43] , which observed approximately 0.6 protons in a region attributable to a single-nucleon knockout from a correlated cluster.
In the RDWIA, final state interaction effects for the outgoing nucleon are taken into account. The distorted-wave function of the knocked out nucleon is evaluated as a solution of a Dirac equation containing a phenomenological relativistic optical potential. We use the LEA program [44] for the numerical calculation of the distorted wave functions with the EDAD1 parametrization [45] of the relativistic optical potential for carbon. This code, initially designed for computing exclusive proton-nucleus and electron-nucleus scattering, was successfully tested against A(e, e ′ p) data [41, 46] , and we adopted this program for neutrino reactions.
sorption of the flux. For the exclusive A(l, l ′ N) channel this reflects the coupling between different open reaction channels. However, for the inclusive reaction, the total flux must be conserved. Therefore, we calculate the inclusive and total cross sections with the EDAD1 relativistic optical potential in which only the real part is included.
The inclusive cross sections with the FSI effects in the presence of the short-range NN correlations were calculated by using the method proposed in Refs. [33, 36] . In this approach the contribution of the NN correlated pairs is evaluated in the IA, i.e., the virtual boson couples to only one member of the NN-pair. It is one-body process that leads to the emission of two nucleons (2p-2h excitation). The contributions of the two-body currents, such as meson-exchange currents and isobar currents, are not considered.
B. Method for extraction of F
The inclusive weak hadronic tensor W µν is given by bilinear products of the transition matrix elements of the nuclear weak current operators J µ between the initial and final nuclear states, i.e., W µν = J µ J † ν , where the angle brackets denote products of matrix elements, appropriately averaged over initial states and summed over final states.
By using Eq. (5), the axial vector current can be factorized in the form
and the weak current can be expressed as
The expression for the hadronic tensor is then given by
ν , and h is 1 for a neutrino and -1 for an antineutrino. Finally, contracting W µν with the lepton tensor we obtain the inclusive (anti)neutrino scattering cross section dσ/dQ 2 in terms of vector σ V , axial σ A , and vector-axial σ V A cross sections
. The vector (axial) cross section is due to the vector (axial) component of the weak current and it can be calculated as the dσ/dQ 2 cross section with
. So, the cross section σ A (Q 2 ) does not depend on vector form factors, i.e., on the longitudinal or transverse QE response functions. The vector-axial cross section σ V A , arising from the interference between the vector and axial currents can be written as
where σ(F A = 1) is the dσ/dQ 2 cross section, calculated with
In the simplest case of (anti)neutrino scattering off a free nucleon the cross sections σ V , σ A , and σ V A can be expressed in terms of the vector form factors F V and F M . For instance [47] ,
where G F is the Fermi constant and θ c is the Cabibbo angle. The difference
is going to zero at Q 2 →0 and decreases with (anti)neutrino energy.
Our RDWIA results for the σ V , σ A , and σ V A cross sections for neutrino CCQE scattering off carbon are shown in Fig. 1 as functions of Q 2 for neutrino energies ε ν =0.5, 0.7, 1.2, and 2.5 GeV. The cross section σ V has a maximum at Q 2 ≈ 0.15 (GeV/c) 2 and depends slowly on neutrino energy. The cross section σ A is dominant at ε ν > 1 GeV in the range Q 2 > 0.2 (GeV/c) 2 and slowly decreases with Q 2 . On the other hand, the cross section σ V A decreases with neutrino energy as ∼ 1/ε ν . At ε ν > 1 GeV, it depends slowly on Q 2 in the range
In neutrino experiments the differential cross sections of CCQE neutrino-nucleus scattering are measured within rather wide ranges of the (anti)neutrino energy spectrum. Therefore, flux-averaged and flux-integrated differential cross sections can be extracted. The
MiniBooNE ν µ andν µ CCQE flux-integrated dσ ν,ν /dQ 2 cross sections were measured as functions of Q 2 in the range 0 ≤ Q 2 ≤ 2 (GeV/c) 2 [2, 4] . These cross sections can be written The weight functions W ν,ν are defined as
where I ν,ν (ε i ) is the neutrino (antineutrino) spectrum and Φ ν,ν is the neutrino (antineutrino) flux in ν(ν)-beam mode [49] , integrated over 0 ≤ ε i ≤ 3 GeV. Combining Eq. (10) with Eq. (14) we obtain the flux-integrated dσ ν,ν /dQ 2 cross section in terms of flux-integrated σ V , σ A , and σ V A cross sections
are the flux-integrated vector, axial, and vector-axial (j = V, A, AV ) cross sections. The values of F A (Q 2 ) can be extracted as the solution of Eq. (16), by using the data for dσ ν,ν /dQ 2 .
In the case of neutrino scattering on deuterium (quasifree nucleon) this procedure was applied in Ref. [48] for the extraction of F A (Q 2 ) as a function of Q 2 .
Because the flux-integrated cross sections σ j depend on the nuclear model, vector form factors, and the predicted (anti)neutrino flux, the extracted values of the axial form factor are model dependet and implicitly include the uncertainties in the F V , F M , and (ν µ )ν µ flux.
III. RESULTS AND ANALYSIS
A. CCQE flux-integrated dσ i (Q 2 ) differential cross sections
The MiniBooNE ν µ (ν µ ) CCQE flux-integrated differential cross sections dσ/dQ 
B. Extraction of the axial form factor
Flux-integrated dσ ν /dQ 2 and dσν/dQ 2 cross sections for ν µ andν µ CCQE scattering as functions of Q 2 together with the MiniBooNE data [2, 4] In Ref. [28] it was assumed that enhancements in the transverse (anti)neutrino CCQE cross section are modified F M (Q 2 ), for a bound nucleon at low measurements.
To study the TE effects on the extracted axial form factor we compare results of the RFGM (M A = 1.36 GeV) and the Fermi gas model (M A = 1.014 GeV) with the transverse enhancement function from Ref. [28] . We call the last approach the RFGM + TE model [50] .
The flux-integrated cross sections dσ ν /dQ 2 scaled with a number of neutron per target as functions of Q 2 together with the MiniBooNE data [2] are shown in Fig. 6 . The upper panel shows cross sections calculated in the RFGM and RFGM+TE models. Also shown in in the transverse response function (at least as it was proposed in Ref. [28] ), one should use a parametrization of F A (Q 2 ) other than a dipole.
As was pointed in Ref. [31] , the dipole approximation cannot be justified from a fieldtheoretic point of view and is in contradiction with the large-N c -motivated parametrization.
We calculated the normalized axial form factor by using the minimum meson-dominance ansatz from Ref. [31] :
where m a 1 = 1.230 GeV, and m a ′ product of monopoles, but the net effect is essentially a dipole form factor with an average mass which is larger than m R = 1 GeV. 
C. CCQE total cross section
We calculated the total cross sections for CCQE antineutrino scattering on carbon in the plane-wave impulse approximation (PWIA), RDWIA, and RFGM approaches. The cross section per proton target as a function of antineutrino energy is shown in Fig. 8 (lower At the energy of ε ν ≈ 700 MeV, the extracted cross section is ≈ 30% higher than what is commonly assumed for this process assuming the RFGM and world-average value of the axial mass M A = 1.03 GeV. As shown in Fig. 7 the spread in the data is much higher than the difference in predictions of the RDWIA, PWIA, and RFGM approaches.
IV. CONCLUSIONS
In this paper, we present a method which allows extraction of the axial form factor as a function of Q 2 from flux-integrated dσ ν,ν /dQ 2 cross sections. This method is based on the fact that the dσ/dQ 2 can be written as the sum of the vector, axial and vector-axial cross sections and the contributions of the axial and vector-axial ones are proportional to F 2 A (Q 2 ) and F A (Q 2 ) correspondingly. In our analysis we used the differential dσ ν,ν /dQ 2 CCQE cross sections with "a shape-only" error measured in the MiniBooNE experiment.
In the RDWIA, RFGM, and RFGM+TE approaches with the BNB ν µ (ν µ ) flux we calculated the flux-integrated vector, axial, and vector-axial cross sections which were used for extraction of the axial form factor. The values of F A (Q 2 ) extracted in the RDWIA and Fermi gas models at Q 2 > 0.1 (GeV/c) 2 agree well with the dipole parametrization with M A ≈ 1.37
GeV. On the other hand the vector meson-dominance ansatz that is simple and has good theoretical base describes the extracted form factor also with a good agreement. We can argue that there is no need to use the dipole approximation for fitting the MiniBooNE data and that the meson dominance already contains the essential physical information, whereas we found that there is a disagreement between the form factors extracted in the RFGM+TE approach and predicted by the dipole approximation with M A ≈ 1.04 GeV. The RDWIA,
PWIA and RFGM calculated with M A = 1.37 GeV and measured neutrino and antineutrino CCQE total cross sections match well within the experimental error over the entire measured range.
We conclude that the MiniBooNE measured inclusive and total cross sections can be described within the impulse approximation with the meson-dominance ansatz and/or dipole approximation of F A (Q 2 ) with large axial mass value. In addition, one could also describe MiniBooNE data with the approach that incorporates the large MEC contributions. However, a non-dipole description of the axial from factor would have to be used in that case.
From the quality of the fit to the measured MiniBooNE CCQE cross section, one could not discriminate between these approaches.
So, to distinguish between various possible mechanisms, it is necessary to decompose the inclusive process into its constituents exclusive channels, at least to study the semiexclusive ν µ + A → µ + p + B process. In this manner one hopes to disentangle the roles of NN correlations in the target ground state, MEC, IC, medium modifications properties of the bound nucleon, many-body currents, FSI, relativistic corrections et cetera, etc. [55] 
